I . I n t r o d u c t i o n A s p r i n g i s a d e v i c e by w h i c h one c a n s t o r e e l a s t i c e n e r g y w i t h v e r y h i g h e f f i c i e n c y . Hence, i f a c o i l s p r i n g i s l o a d e d s t a t i c a l l y b y a w e i g h t a t t h e l o w e r end and t h e n a p p l i e d w i t h a n impu l s i v e f o r c e a t t h e t o p , i t w i l l c o n t i n u e t o v i b r a t e f o r a l o n g t i m e , s i n c e t h e e n e r g y d i s s i p a t i o n i s v e r y s m a l l . M a t e r i a l s f o r s p r i n g s h a v e , t h e r e f o r e , v e r y low i n t e r n a l f r i c t i o n , and t h e r o l e o f t h e o i lo r a i r -d a m p e r i s t o s u p p r e s s t h e v i b r a t i o n a l m o t i o n o f t h e s p r i n g a s s e e n i n t h e s u s p e n s i o n s y s t e m o f t h e a u t o m o b i l e s . I f t h e s p r i n g m a t e r i a 2 h a s v e r y h i g h i n t e r n a l f r i c t i o n , t h e v i b r at i o n a l e n e r g y o f t h e s p r i n g may b e w e l l a b s o r b e d w i t h i n t h e m a t e r i a l i t s e l f , s o t h a t t h e v i b r a t i o n c a n be damped e f f e c t i v e l y w i t h o u t u s i n g a n e x t e r n a l damping s y s t e m . S u c h a s p r i n g was named !'self-damped s p r i n g n and i n t r o d u c e d p r e v i o u s l y by J a m e s ( 1 ) . T h e r e has b e e n , h o w e v e r , no e x p e r i m e n t a l r e s u l t r e p o r t e d on t h i s s u b j e c t , and. t h e p u r p o s e o f t h e p r e s e n t paper i s t o c o n s t r u c t a s i m p l e s u s p e n s i o n s y s t e m w i t h a

Cu-Zn-A2 high-damping a l l o y s p r i n g and t o t e s t t h e m e c h a n i c a l b e h a v i o r u n d e r s t a t i c and dynamic l o a d i n g a t v a r i o u s t e m p e r a t u r e s .
Experiment,aZs A c o i l s p r i n g w i t h a f r e e l e n g t h o f 100 mm a t 20°C and an a v e r a g e d i a m e t e r o f 16 mm w i t h e f f e c t i v e number o f t u r n o f 2 3 was s u p p l i e d by P r o t e u s ( F 4 e t a l l u r g i e H o b o k e n -O v e r p e l t , Hoboken and N . V . B e k a e r t S . A . , Zwevegem, i n c o o p e r a t i o n w i t h K a t h o l i e k e U n i v e r s it e i t L e u v e n l . The c h e m i c a l c o m p o s i t i o n o f t h e s p r i n g m a t e r i a l i s shown b y t h e s o l i d c i r c l e i n F i g . 1 , where t h e e f f e c t o f Zn and A2 c o n t e n t o n t h e M s -t e m p e r a t u r e i t h e s t a r t i n g t e m p e r a t u r e o f t h e m a r t e n s i t e t r a n s f o r m a t i o n on c o o l i n g ) i s shown ( 2 1 . I t was s u p p l i e d a f t e r g i v i n g t h e f o l l o w i n g h e a t -t r e a t m e n t :
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s o l u t i o n t r e a t m e n t a t 750°C f o r 15 m i n and t h e n quenched i n t o i c ew a t e r i n o r d e r t o o b t a i n t h e r m o e l a s t i c m a r t e n s i t e phase t h a t i s r es p o n s i b l e f o r t h e high-damping c h a r a c t e r i s t i c s and a l s o f o r t h e shape memory e f f e c t ( 3 1 . I t u n d e r g o e s a t h e r m o e l a s t i c m a r t e n s i t e o r r e v e r s e m a r t e n s i t e t r a n s f o r m a t i o n ,when c o o l e d o r h e a t e d t h r o u g h room t e m
F i g . 2 I m p u l s e s y s t e m f o r m e a s u r i n g t h e r e s o n a n c e f r e q u e n c y and t r a n s f e r f u n ct i o n o f t h e c o i l s p r i n g b y means
o f a f a s t F o u r i e r t r a n s f o r m a n a l y s e r I F . F . 
F i g . l P a r t o f t h e Cu-Zn-A2 T . ) . t e r n a r y s y s t e m w i t h t h e Mst e m p e r a t u r e s o f t h e quenched B-phase a l l o y s . S o l i d c i r c l e shows t h e c o m p o s i t i o n o f t h e a l l o y i n v e s t i g a t e d i n t h e p r e s e n t p a p e r .
F i g . 2 shows t h e p r i n c i p l e o f m e a s u r e m e n t s o f t h e t r a n s f e r f u n c t i o n o f t h e c o i l s p r i n g w i t h a s t a t i c w e i g h t a t t h e l o w e r e n d . Because o f t h e v e r y p a r t i c u l a r s h a p e o f t h e c o i l s p r i n g no c o n v e n t i o n a l method o f m e a s u r i n g i n t e r n a l f i r c t i o n and r e s o n a n c e f r e q u e n c y f o r w i r e o r r o d s p e c i m e n s c a n n o t b e u s e d h e r e . Hence a new method was a p p l i e d b y u s e o f t h e i m p u l s e s y s t e m w i t h an a i d o f a f a s t F o u r i e r t r a n s f o r m a n a l y s e r ( F . F . T . ) . I t g i v e s a l l t h e n e c e s s a r y d a t a f o r d e t e r m i n i n g i n t e r n a l f r i c t i o n and r e s o n a n c e f r e q u e n c y , when t h e c o i l s p r i n g i s e x c i t e d b y a n i m p u l s i v e f o r c e s i g n a l x l t l ( S e e t h e t i m e d o a m i n -s i g n a l i n F i g . 3 ) .
During t h e d e c a y i n g v i b r a t i o n a l p e r i o d a f t e r e x c i t a t i o n t h e v e l o c i t y a m p l i t u d e y l t l o f t h e l o w e r end o f t h e s p r i n g was d e t e c t e d by means o f a p i c k -u p c o i l and t h e n t h e e l e c t r i c s i g n a l i s i n t r o d u c e d i n t o t h e c h a n n e l B i n p u t o f t h e F . F . T . a n a l y s e r . The i m p u l s e f o r c e s i g n a l on t h e o t h e r s i d e i s i n t r o d u c e d i n t o t h e c h a n n e l A i n p u t . F i g . 3 g i v e s a s c h e m a t i c r e p r e s e n t a t i o n o f t h e o p e r a t i o n o f t h e F.F.T. a n a l y s e r t h a t c a n p r o v i d e b o t h t i m e -d o m a i n s i g n a l s c ( t I . y ( t l and f r e a u e n c u -d o m a i n s i g n a l s X f f ) , Y ( f I . The f u n c t i o n t h a t d e s c r i b e s t h e wau i n w h i c h t h e s u s t e m p e r f o r m s t h e m o d i f i c a t i o n o f a m p l i t u d e and u k a s e i s c a l l e d t h e t r a n s f e r f u n c t i o n , H ( f ) . I n a m e c h a n i c a l s u s t e m . H ( f ) s p e c i f i e s t h e f r e a u e n c u r e s v o n s e o f t h e s u s t e m t o a u n i t f o r c e a t e a c h f r e a u e n c u ( t h e s p e c t r u m o f a d e l t a * u n c t i o n f o r c e ) . I f t h e f o r c e i s an a r b i t r a r u one w i t h an i n v u t s p e c t r u m , d e n o t e d b y X ( f l , t h e n t h e o u t p u t s p e c t r u m f u n c t i o n , Y f f I , o f t h e s y s t e m c a n be e x p r e s s e d F i g . 3 S c h e m a t i c i l l u s t r a t i o n o f t h e o p e r a t i o n o f t h e f a s t F o u r i e r t r a n s f o r m a n a l y s e r I F . F . T . I i n an i m p u l s e s y s t e m shown i n F i g . 2 . The o u t p u t s i g n a l s y ( t I and Y ( f ) i n b o t h t i m e and f r e q u e n c y domain c o n s i s t o f t h e f o l l o w i n g t w o s i g n a l s : y 2 ( t I l a t e r a l m o t i o n o f t h e s y s t e m and y 3 f t I v e r t i c a l m o t i o n o f t h e l o w e r end o f t h e c o i l s p r i n g . The p r i n c i p l e o f s u p e r p o s i t i o n t e l l s t h a t y ( t I =
y1 ( t l + y 2 ( t I i n a l i n e a r s y s t e m .
The w h o l e m e c h a n i c a l s y s t e m was e n c l o s e d i n an e n v i r o n m e n t a Z chamber s o t h a t m e a s u r e m e n t s a t t e m p e r a t u r e s i n a r a n g e b e t w e e n -50° and 80°C may b e c a r r i e d o u t . B e f o r e making m e a s u r e m e n t s t h e c h a n g e i n l e n g t h u n d e r c o n s t a n t l o a d o f 100 g and 200 g was made b y a s i m p l e method o f w e i g h t and s c a l e a s aZready shown i n F i g . 2 . The r e s u l t i n g t r a n s f o r m a t i o n c u r v e w i l l g i v e i m p o r t a n t i n f o r m a t i o n s a s w i l l b e shown i n t h e f o l l o w i n g . T h e F.F.T. a n a l y s e r e n a b l e s m e a s u r e m e n t s o f b o t h i n t e r n a l f r i ct i o n Q-' and r e s o n a n c e f r e q u e n c y f o r e a c h component o f t h e s p e c t r u m o b t a i n e d . T h e f r e q u e n c i e s c a n b e r e a d d i r e c t l y on t h e CRT d i s p Z a y i n 4 o r 5 d i g i t s , w h e r e a s 9-' m u s t b e c a l c u l a t e d by t h e f o l l o w i n g e q u a t i o n s , , where A , and An a r e a m p l i t u d e s i n t i m e domain f o r t h e 0 t h and n t h c y c l e o f v i b r a t i o n , and A f i s t h e h a l f -w i d t h o f t h e r e s o n a n c e c u r v e i n f r e q u e n c y domain and fr i s t h e r e s o n a n c e f r e q u e n c g . Due t o t h e l i m i t a t i o n o f t h e number o f d i g i t a l f i l t e r s ( 1 2 8 f o r t h e maximum i n t h e c a s e o f t h e i n s t r u m e n t t y p e hp 3582A u s e d i n t h e p r e s e n t w o r k ) , t h e r e was a l o w e r l i m i t o f r e s o l v a b l e ~f , and h e n c e t h e r e was a l o w e r l i m i t o f Q-' t h a t can b e d e t e r m i n e d b y e q u a t i o n ( 3 1 . For v a l u e s o f Q-I s m a l l e r t h a n t h i s t h e u s e o f e q u a t i o n ( 2 ) was recommended a f t e r smoothi n g and a v e r a g i n g t h e time-domain s i g n a l s .
. R e s u l t s and D i s c u s s i o n F i g . 4 shows t h a r e s u l t o f measurements o f l o a d -e l o n g a t i o n c u r v e a t v a r i o u s t e m p e r a t u r e s u n d e r s t a t i c l o a d i n g i n t h e e n v i r o n m e n t a l chamber shown i n F i g . 2 . The s p r i n g was p e r f e c t l y e l a s t i c a t 80°C. As t h e t e m p e r a t u r e was l o n~e r e d , however, i t became n o t p e r f e c t l y e l a s t i c h u t t h e c u r v e s showed h y s t e r e s i s l o o p s . The F i g . 4 L o a d -e l o n g a t i o n c u r v e s o f t h e Cu-Zn-A2 a l l o y c o i l s p r i n g measured a t t e m p e r a t u r e s above and below M -t e m p e r a t u r e . (M = l g°C . See F ?~. 6 . 1 Elongation D (mm) h y s t e r e s i s became l a r g e r when t h e t e m p e r a t u r e was l o w e r e d , u n t i l a t Z a s t below 20°C, where t h e f o r m a t i o n o f m a r t e n s i t e s t a r t e d a s shown i n F i g . 6 , t h e l o o p showed f e r r o e l a s t i c b e h a v i o r ( w i t h a l a r g e r e s i d ua l e l o n g a t i o n a f t e r u n l o a d i n g a s i n a n a l o g y w i t h t h e ferromagnetisrnl. I n o r d e r t o s t u d y t h e e f f e c t o f i n c r e a s i n g load on t h e l o a de l o n g a t i o n c u r v e , measurements a t room t e m p e r a t u r e were c a r r i e d o u t under i n c r e a s i n g load up t o 1,7 kg and t h e r e s u l t s a r e shown i n F i q . 5 .
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F i g . 5 S u p e r e l a s t i c l o a d -e l o n g a -
' t i o n c u r v e s o f t h e Cu-Zn-At a l l o y P c o i l s p r i n g a t room t e m p e r a t u r e . The f i g u r e s on e a c h c u r v e shows t h e maximum load g i v e n t o t h e
mm) The l o a d -e l o n g a t i o n c u r v e was a l m o s t e l a s t i c w i t h a s m a l l h y s t er e s i s l o o p , when t h e maximum a p p l i e d l o a d d o e s n o t e x c e e d 0 , s k g . I t changed, however, t o a form o f l a r g e r h y s t e r e s i s , when t h a maximum load was i n c r e a s e d g r a d u a l l y . I t i s i n t e r e s t i n g t h a t t h e c u r v e s r e t u r n back r o u g h l y t o i t s o r i g i n a l p o i n t i n s p i t e o f t h e v e r y l a r g e a r e a o f t h e h y s t e r e s i s l o o p . T h i s e f f e c t i s c a l l e d s u p e r e l a s t i c i t y and i s a c h a r a c t e r i s t i c b e h a v i o r o f t h e r m o e l a s t i c m a r t e n s i t e a l l o y s a t temp e r a t u r e s s l i g h t l y above t h e Ms-temperature.
The c h a n g e i n l e n g t h o f t h e c o i l s p r i n g a s s o c i a t e d w i t h t h e m a r t e ns i t e ( o r r e v e r s e m a r t e n s i t e ) t r a n s f o r m a t i o n u n d e r s t a t i c l o a d o f 100 g o r 200 g i s shown i n F i g . 6 . As a r e s u l t o f t h e shape memory e f f e c t o f F i g . 6 Y a r t e n s i t e ( c o o l i n g ) and r e v e r s e mar-
.
t e n s i t e ( h e a t i n g ) t r a n s f o r m a t i o n c u r v e s d et e r m i n e d by t h e e l o n g a t i o n o r c o n t r a c t i o n o f t h e Cu-Zn-A2 a l l o y c o i l s p r i n g due t o t r a n s --f o r m a t i o n u n d e r c o n s t a n t s t a t i c l o a d .
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t h e a l l o y t h e c o i l s p r i n g d i d c o n t r a c t t o i t s o r i g i n a l l e n g t h when h e a t e d u p t o 80°C, where t h e a l l o y phase was t h e @ l -p h a s e ( h i q h temp e r a t u r e o r d e r e d p h a s e ) . On c o o l i n g down t o t e m p e r a t u r e s b e l o w Ws, i t expanded by more t h a n 80 mm a s shown i n F i g . 4 . A s e r v o -m o t o r and a g e a r s y s t e m w a s , t h e r e f o r e , n e c e s s a r y f o r t h e p i c k -u p c o i l t o move v e r t i c a l l y t o g e t h e r w i t h t h e magnet a t t a c h e d Co t h e s p r i n g . The t r a n sf o r m a t i o n c u r v e s o b t a i n e d i n t h i s way w i Z l g i v e i m p o r t a n t i n f o r m a t i o n s on t h e p s e u d o e l a s t i c b e h a v i o r o f t h e c o i l s p r i n g , b e c a u s e i t i s made s i m u Z t a n e o u s Z y w i t h t h e dynamic measurement t o b e d e s c r i b e d b e l o w .
F i g . 7 Change i n i n t e r n a l f r i c -F i g . 8 Change i n r e s o n a n c e f r e q u e nt i o n a s s o c i a t e d w i t h t h e m a r t e nc y o f t h e c o i l -s p r i n g s g s t e m a s s os i t e t r a n s f o r m a t i o n i n t h e a l l o y c i a t e d w i t h t h e m a r t e n s i t e t r a n sm a t e r i a l o f t h e c o i l s p r i n g f o r f o r m a t i o n m e a s u r e d s i m u l t a n e o u s l y d i f f e r e n t s t r e s s a m p l i t u d e s ( m v ) . w i t h t h a t i n F i g . 7 . T h e r e s u l t s o f m e a s u r e m e n t s o f i n t e r n a l f r i c t i o n and r e s o n a n c e f r e g u e n c y a s f u n c t i o n s o f t e m p e r a t u r e and s t r e s s a m p l i t u d e i n t h e Cu-
Zn-A2 a l l o y c o i l s p r i n g a r e g i v e n i n F i g s . 7 and 8 . F i g u r e s a t e a c h c u r v e i n d i c a t e t h e m a g n i t u d e o f t h e e l e c t r i c s i g n a l s g i v e n t o t h e s h a k e r t o r e p r e s e n t t h e r e l a t i v e v a l u e o f t h e s t r e s s a m p l i t u d e . I t i s concZuded t h a t t h e i n t e r n a l f r i c t i o n shows a w e l l -d e f i n e d peak a t arownd M . I t s h o u l d b e a l s o m e n t i o n e d t h a t t h e i n t e r n a l f r i c t i o n i n c r e a s e s w i t h i n c r e a s i n g s t r e s s a m p l i t u d e . I n c o n c l u s i o n t h e p o s s i b il i t y o f u t i l i z i n g t h e Cu-Zn-A2 a l l o y m a t e r i a l f o r m a n u f a c t u r i n g s e l fdamped s p r i n g h a s b e e n c o n f i r m e d , i f i t i s u s e d a t l o w e r t e m p e r a t u r e s t h a n 20°C and a t r a t h e r h i g h s t r e s s l e v e l s . Moreover, t h e anomalous b e h a v i o r o f t h e r e s o n a n c e f r e q u e n c y a t around M s was o b s e r v e d . T h i s i s c o n s i s t e n t w i t h t h e p r e v i o u s r e s u l t s r e p o r t e d on Cu-Al-Ni ( 4 ) and
Cu-Zn-A2 ( 2 , 3, 5 ) a l l o y s . The t r a n s f o r m a t i o n c u r v e i n F i g . 8 was d er i v e d from t h e change i n l e n g t h u n d e r c o n s t a n t l o a d shown i n F i g . 6 .
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F i g . 9 S c h e m a t i c i l l u s t r a t i o n o f i n t e rn a l f r i c t i o n c o m p o n e n t s i n t h e Cu-Zn-Al
I ; a l l o y w i t h t h e r e l a t e d m i c r o s t r u c t u r e s .
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To d i s c u s s t h e o r i g i n and t h e mechanism o f t h e i n t e r n a l f r i c t i o n a s c h e m a t i c r e p r e s e n t a t i o n o f t h e i n t e r n a l f r i c t i o n c o m p o n e n t s i s shown i n F i g . 9 . D i s l o c a t i o n damping i n t h e B1-phase ( r e g i o n A ) , e n e rgy Zoss due t o t h e movement o f i n t e r f a c e b e t w e e n B1-phase and m a r t e ns i t e phase ( r e g i o n B ) , and e n e r g y Zoss due t o t h e movement o f i n t e rn a l f a u l t s , s u c h a s t w i n s o r s t a c k i n g f a u l t s , and o f t h e m a r t e n s i t e b o u n d a r i e s ( r e g i o n CI may b e t h e m o s t p r o m i n e n t s o u r c e o f t h e i n t e rn a l f r i c t i o n .
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